Conventional unmanned helicopters are used to spray agricultural chemicals and take aerial photographs. In the near future, the aircrafts are expected to be used for a wide array of activities, such as rescuing and¯rē ghting. Then, an autonomous°ight using several sensors typi¯ed by a global positioning system (GPS) is highly expected. In this paper,¯rst, system identi¯cation experiments for a large-scale unmanned helicopter are carried out to obtain a numerical model of aircraft dynamics. The attitude error of the helicopter is compensated by a stability augmentation system that permits the experiments during the°ight. System identi¯cation results are shown on the dynamics using the measured input and output data. Next, the position control systems based on the H 1 control theory is constructed by using the identi¯ed model. Finally, the position control experiments suggest that the proposed modeling and design approach is e®ective enough for practical applications.
Introduction
Recently, unmanned helicopters, particularly largescale ones, have been expected not only for the industrial¯elds such as agricultural spraying and aerial photograph, but also for such¯elds as observation, rescuing, and¯re¯ghting. For these monotonous or dangerous missions, an autonomous°ight control of the helicopter is indispensable. The autonomous°ight control requires integrating technologies such as trouble diagnosis and obstacle avoidance as well as attitude and position controls.
The°ight control of the helicopter involves some difculties due to the following; (1) The dynamics of the helicopter are essentially unstable. (2) The characteristic values in the dynamics are usually nonlinear with air speed. (3) The helicopter has six degrees of freedom in its motion (up/down, fore/aft, right/left, rolling, pitching, yawing). (4) The helicopter is a multi-input multi-output system. (5) Flight modes are cross-coupled. (6) The°ight is strongly a®ected by disturbances such as wind, temperature, etc. The helicopter, however, can be modeled as a linear system around trim points, i.e., a°ight with no accelerations and no moments. Moreover, the system can be stabilized by using a stability augmentation system (SAS), which can also reduce the in°uence of crosscouple terms. Therefore, the°ight control of the unmanned helicopter with SAS is possible around the trim points. Several unmanned helicopters have been developed (1) ; (2) , or are under development throughout the world. However, a complete autonomous°ight control system has not yet been realized.
The goal of the research is to design an autonomous°i ght control system of a large-scale unmanned helicopter. The authors, at¯rst, carry out the system identi¯cation experiments of the full-scale unmanned helicopter (named RoboCopter) to derive the mathematical model. Using the measured input and output data, the dynamics of the helicopter is identi¯ed. Then the position control experiments are investigated to show the applicability of the identi¯ed models to the position control for the autonomous°ight.
A Large-Scale Unmanned Helicopter
The con¯guration of an autonomous°ight control of a large-scale unmanned helicopter is shown in Fig. 1 . The°ight control of the body is accomplished by using various sensors, which are represented by a global positioning system (GPS), in accordance with the command reference transmitted by the ground station. The signals that lack for the autonomous°ight can be estimated by the on-board digital signal processor (DSP). The control algorithm for the°ight is installed in the DSP in advance. Thus the unmanned helicopter can be remotely controlled on the ground station. This experiment is devised so that a remote operator can transmit a rudder modi¯cation signal directly to the°ight control in order to keep the°ight safe.
The full-scale unmanned helicopter (RoboCopter) developed by Kawada Industries, Inc.
(3) is shown in Fig.2 . The size and performance of the helicopter are summarized in Table 1 . This unmanned helicopter is a remodeled version of a manned helicopter, Shweizer 300CB. The°ight time can be extended from 100 to 240 min. at the cost of payload. In addition, stabilization of the helicopter is realized by the SAS installed in the DSP. Figure 3 shows the coordinates to describe the motion of the helicopter. The origin of the helicopter axes is placed on the center of gravity. The variables, constants and terms in the¯gure are de¯ned as follows;
System Identi¯cation Experiments

Nomenclature
x, y, z : aircraft¯xed coordinates p; q; r : angular velocities around x, y, z-axes x; y; z : positions in x, y, z directions u; v; w : velocities in x, y, z directions ©; £; ª : roll, pitch, yaw angles µ C : lateral cyclic pitch angle µ S : longitudinal cyclic pitch angle µ 0T : tail rotor pitch angle µ 0M : main rotor collective pitch angle m : mass of helicopter g : gravitational acceleration rolling A rotational motion around the x-axis of the body which occurs by changing µ C pitching A rotational motion around the y-axis of the body which occurs by changing µ S yawing A rotational motion around the z-axis of the body which occurs by changing µ 0T
heaving A linear motion in the z-axis direction of the body which occurs by changing µ 0M
Each motion is not independent of µ C ; µ S ; µ 0T ; and µ 0M , so there exists a cross coupling. For example, the heaving motion is coupled to the yawing motion (1) .
System Identi¯cation Experiments
The block diagram of the helicopter compensated by the SAS controller is shown in Fig.4 . The command references, which are made in the computer on the ground station are transmitted to the helicopter. Modi¯ca-tion rudder signals from the remote operator are added to these command reference and then fed to the SAS controller for the attitude control. These input signals µ of the input was 20 times of the sampling time. The period of the PRBS was 31. The outputs measured by the inertial measurement equipment (IME), which includes gyro system, were: attitude angles (©; £; ª); their angular velocities (p; q; r) and accelerations ( _ u; _ v; _ w). Velocities (u; v; w) and positions (x; y; z) were measured by GPS, and height (z) by a laser distance meter. The signals p; q; r; _ u; _ v; _ w; ©; £ and ª, which directly in°u-ence the control design for the autonomous°ight, were selected as output signals for system identi¯cation.
As an example, motion about yawing excitation is described below. The measured input and output signals are shown in Figs.5 and 6, respectively. As can be seen in Fig.6 , it is veri¯ed that the output signals r and ª, which are strongly related to a yawing motion, are excited by µ corresponds to r and ª at each frequency, are shown in Fig.7 . The accurate identi¯cation can be expected at the frequency range where the coherences are close to 1, that is shaded in Fig.7 .
System Identi¯cation
Using measured input-output data, the system identication based on the prediction error method is applied to the helicopter as a single-input single-output (SISO) system. The number of data was 1,950. The autoregressive with exogenous input (ARX), auto-regressive moving average with exogenous input (ARMAX), output error (OE) and Box-Jenkins (BJ) models (4) were used to describe the dynamics of the helicopter. The cross-validation was utilized to determine the order of the ARX model, and then applied the order for the other models as well. Two thirds of the data were used for the identi¯cation, and the rest was used for validation. The model order that can minimize a loss function was 30th with two delays. Figure 8 shows identi¯ed gain plots from µ ¤ 0T to r and ª, which are relating variables to the yawing motion. As can be seen in Fig.8 , the deviation among these four gain plots is small enough at the frequency range less than 60 rad/s for r=µ ¤ 0T . In case of ª =µ ¤ 0T , gain plots except OE model one agree well at the frequency less than 20 rad/s, which falls in the range of a position con- trol. Therefore, the frequency responses of the yawing motion can be identi¯ed with high accuracy at that frequency range. It is also well known that the rigid body dynamics are dominant at that frequency range.
Next, to evaluate the identi¯ed model in time domain, the remaining one third of input data is applied to the identi¯ed ARX model. From the viewpoint of dominant rigid body dynamics, the identi¯cation is applied not only to the 30th-order model, but also to the 1st-order ARX model. Figure 9 shows time responses of the model outputs and the measured experimental outputs. From Fig.9 , it is con¯rmed that the model output coincides well with the measured output. Therefore, the identi¯ed model well describes the yawing motion of the experimental helicopter.
A change of the helicopter dynamics against the environment such as seasonal changes will be discussed. Since the above data was measured in winter, di®er-ent experiments were accomplished in summer. The identi¯ed gain plots of the yawing dynamics (ª=µ ¤ 0T ) for both winter and summer seasons are compared in Fig.10 . The magnitude for winter agrees with the summer season's values at the frequency range where the coherence is close to 1. Therefore, it can be concluded that the seasonal change of dynamics is not critical under the bandwidth less than 20 rad/s in control.
Position Controller Design
In this section, the design problem of position control for an autonomous°ight by using the identi¯ed model is focused. The controller concerns a yawing motion of the helicopter is designed based on the H 1 control theory (5) . The design speci¯cations for the yawing motion are The¯rst speci¯cation is de¯ned relating to the accuracy of a magnetic compass. The second and the third speci¯cations are de¯ned from the viewpoint of the applied force which does not result in a mechanical damage somewhere in a body. In this case, yaw rate of reference signal is limited to 90 degree per 5 s.
In this design procedure, it can be assumed that the model using the identi¯ed 30th-order model(ª=µ ¤ 0T ) shown in Fig.8(b) is the real experimental plant P , and the model using the identi¯ed 1st-order model is the nominal plant P n . Figure 11 shows the gain plots of P and P n . Then, the multiplicative uncertainty ¢ m , which is derived from ¢ m = (P ¡ P n )=P n , is shown in Fig.12 . It is clear that the limitation of the bandwidth for the position control is less than 20 rad/s because of its zero-cross frequency. Taking limitation into account, the weighting function W T for the complementary sensitivity function T := P C=(1 + P C), C is the controller transfer function, is selected to satisfy the restriction j¢ m j < jW T (j!)j; 8!; by
The gain plot is also shown by solid line in Fig.12 . In this¯gure, the bandwidth is selected at 2.5 rad/s which can satisfy the speci¯cation (S3). According to the weighting function W S for the sensitivity function S := 1=(1 + P C), it is recommended to be the double integrator in order to satisfy the speci¯ca-tions (S1) and (S2) as the following, since its dynamics are directly re°ected in the H 1 controller.
The generalized plant including these weighting functions is illustrated in Fig.13 .
As a result of these weighting functions, the H 1 controller of the 2nd-order which includes the single pole-zero cancellation at s = 0 can be obtained as 
Experimental Implementation
In order to examine the robust stability and the control performance of the system, a ramp position reference signal, 90 degree per 5 s, to the yawing control system has been applied. Figure 14 shows the time re-sponses of the yaw angle ª and the control input µ ¤ 0T . It can be concluded that the robust control can be performed by the H 1 controller not only to stabilize the system but also to follow the reference with satisfying the speci¯cations.
Conclusion
System identi¯cation experiments were applied to the large-scale unmanned helicopter compensated by SAS. The modeling by system identi¯cation was done through numerical analysis using the measured data.
We have also focused on the design procedure of position control system based on the H 1 control by using the identi¯ed model and investigated the position control experiments. The e®ectiveness of the proposed modeling and the design approach for an autonomous°i ght have been experimentally con¯rmed .
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